Introduction: This study aimed to evaluate the relationship of plasma microfibrillar-associated protein 4 (MFAP4) to atrial fibrillation (AF) and atrial structural remodelling. Material and methods: Plasma MFAP4 levels were measured in 92 patients with AF (61 paroxysmal AF (PAF) patients and 31 persistent AF (PersAF) patients) and 71 control subjects without AF. Linear and logistic multivariate regression analyses were performed to determine the potential value of MFAP4 for predicting the incidence of AF and left atrial size. Then, plasma and atrial protein levels of MFAP4 and its association with atrial fibrosis ratio were analysed in an atrial-specific fibrosis rat model. Results: There were significant differences in MFAP4 levels based on clinical group, with a gradient from control (1.71 ±0.53 ng/ml) to PAF (1.98 ±0.53 ng/ ml) to PersAF (2.09 ±0.76 ng/ml) (p < 0.01). With multivariate analyses, plasma MFAP4 was found to be an independent determinant of left atrial diameter in AF patients. In atrial fibrosis rats, both plasma MFAP4 and atrial MFAP4 protein levels increased in atrial fibrosis rats and positively correlated with atrial fibrosis severity. Conclusions: Plasma MFAP4 was increased in patients with AF and was highest in those with PersAF; both plasma MFAP4 and atrial MFAP4 protein expression were directly associated with the extent of LA structural remodelling.
Introduction
Atrial fibrillation (AF) is the most common arrhythmia in the clinical setting and can induce several cardiovascular complications, including stroke, heart failure, and myocardial infarction [1] [2] [3] [4] , which results in increased mortality and public health costs [5] . Structural remodelling has been observed in both clinical and experimental AF paradigms and is an important feature of the AF substrate, producing fibrosis that alters atrial tissue composition and function. Atrial tissue fibrosis affect-ing the left atrium is a major determinant of the progression of AF [6] ; thus, a more extensively remodelled atrium represents the substrate needed for the arrhythmia to persist. A clear correlation has been shown between AF and the degree of atrial fibrosis in post-mortem histological analysis [7] . Atrial fibrosis is also a major determinant for the success of rhythm control strategies in AF, including catheter ablation, one of the most efficacious methods of treating patients with AF [8] . Data on circulating fibrosis markers and AF are limited; however, markers of collagen turnover are associated with the type and duration of AF and as well as with postsurgical AF and AF recurrence after ablation [9] .
Microfibrillar-associated protein 4 (MFAP4) is a matricellular protein belonging to the fibrinogen-related protein superfamily. This family also includes ficolins, fibroleukin, fibrinogen C domain containing 1 (FIBCD1), angiopoietins, and tenascins, which play multifaceted roles in innate immunity, the development of the cardiovascular system, and the normal functioning of the endothelium [10, 11] . MFAP4 has been reported to participate in elastic fibre formation [10, 12] . Although little is known about its molecular function, the relevance of MFAP4 is well-established in diseases associated with remodelling of the extracellular matrix (ECM), such as vascular stenosis [11] , aortic aneurysms [13, 14] , pulmonary hypertension [15] , and hepatic fibrosis [16] . A previous study reported that MFAP4 mRNA was more highly expressed in the heart than in other elastic tissues [17] , indicating that MFAP4 might play an important role in the process of cardiac fibrosis. It is also reported that serum MFAP4 varies in groups of patients with different coronary atherosclerotic disease [17] . However, the relationship between MFAP4 and the development of AF has not been studied. In this study we hypothesised that MFAP4 might reflect disease severity in patients with AF, with the plasma level reflecting the extent of left atrial structural remodelling. In a patient cohort with paroxysmal and persistent AF, and an atrial-specific fibrosis rat model, we aimed to evaluate the association of plasma MFAP4 with AF and atrial structural remodelling.
Material and methods

Study population
In this study, 92 symptomatic AF patients (61 paroxysmal AF (PAF) and 31 persistent AF (PersAF)) and 71 control subjects hospitalised at the Department of Cardiology, Shanghai Tenth People's Hospital (China) from March to October 2016. Clinical classification of AF was based on expert consensus statements. All subjects with ischaemic heart disease, structural heart disease (including moderate-severe valvular disease, hypertrophic or dilated cardiomyopathy, and congenital heart disease), uncontrolled thyroid or parathyroid disease, chronic liver, kidney, or lung disease, systemic or local inflammatory or infectious disease, contraindication for anticoagulation, pregnancy, and malignancy were excluded from the study. The 71 control individuals had no history of AF or other significant supraventricular or ventricular arrhythmias, or of taking antiarrhythmic medication. Risk scores for stroke were evaluated by CHADS2 score (one point each for history of HF, hypertension, age ≥ 75 years, diabetes, two points for history of stroke, or transient ischaemic attack) [18] and CHA2DS2-VASc score (one point each for history of HF, hypertension, age 65 to 74 years, diabetes, vascular disease, female sex, and two points each for age ≥ 75 years, stroke, or transient ischaemic attack) [19] . Written, informed consent was obtained from all subjects before their participation in the study. The study protocol was approved by the Shanghai Tenth Hospital Ethics Committee.
Laboratory tests, electrocardiogram (ECG), and transthoracic echocardiogram (TTE)
A comprehensive clinical assessment was performed, which included in-office blood pressure measurements, anthropometric measurements, and a TTE for assessment of left ventricular (LV) diastolic function and of myocardial deformation through two-dimensional speckle tracking echocardiography (2D-STE) (Vivid E9, GE Vingmed Ultrasound AS, Norway). Vascular disease was identified through a previously established diagnosis of coronary artery disease, peripheral artery disease, carotid disease, renal artery disease, or aortic atheroma. Standard 12-lead ECG and echocardiography were performed in all subjects. In all groups, venous blood samples were drawn in tubes with ethylenediaminetetraacetic acid (EDTA) and centrifuged at 1000×g for 10 min. Plasma was stored in a -80°C ultra-low-temperature refrigerator until biochemical analysis. As described previously [17] , plasma MFAP4 levels were quantified using commercially available specific enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer's protocol (Abbexa, abx252747, Cambridge, UK). The sensitivity of the MFAP4 ELISA was 0.188 ng/ml, whereas the degree of precision of the ELISA system in terms of coefficient of variance (per cent) of intra-assay was between 1.38% and 1.84%, and that of inter-assays was between 4.9% and 9.3%. Spike recovery and linearity were in the range 97.7-100.8% and 100-109%, respectively. White blood cell count (WBC), C-reactive protein (CRP), N-terminal pro-brain natriuretic peptide (NT-proBNP), cardiac troponin (C-TNI), plasma levels of glucose, haemoglobin A 1c (HbA 1c ) and lipid profiles, including total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), were measured by colorimetric enzymatic assay systems (Roche MODULAR P-800, Switzerland).
Atrial fibrosis rat animal model, western blots, and histological analysis Our group reported that the Myl4 E11K mutation had previously induced atrial-specific fibrosis in a rat model [20] (accepted and soon to be published). Rat left atrial samples for protein analysis were fresh frozen in liquid nitrogen, weighed on an electronic balance, and stored in liquid nitrogen until transfer into a -80°C freezer; all samples were stored at -80°C before use. Rat samples for histological analysis were fixed in formaldehyde at room temperature and embedded in paraffin blocks. For western blots, samples of the atria were lysed in complete radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 0.1% sodium dodecyl sulphate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1× PhosStop and 1× protease inhibitor cocktail (Roche)) and homogenised by a Sonic Dismebrator 100 (Fisher Scientific). The protein concentration of tissue homogenates was measured using Bio-Rad Protein Assay, and equal amounts of soluble protein were separated on 12% polyacrylamide gels, transferred onto nitrocellulose membrane, and followed by routine western blot analysis. Primary antibodies were purchased from Santa Cruz (Vinculin sc-73614, MFAP4 sc-398438, Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from BioRad Laboratories. For histological staining, sections of 5 μm thickness were sliced. Left atrial fibrosis was obtained using a Modified Masson's Trichrome Stain Kit from Scy Tek Laboratories. For relative left atria fibrosis, 6 to 10 fields/ samples, and 4 to 5 samples/group were averaged.
Statistical analysis
Statistical analyses were performed using Statistical Package for Social Sciences (SPSS) for Windows 10. Numerical variables with a normal distribution were presented as the mean ± SE, numerical variables with a skewed distribution as the median, and categorical variables as percentages. For numerical variables, an independent sample t-test and the Mann-Whitney U test were used for intergroup comparisons. The c 2 test and Fisher's exact tests were used for comparisons of categorical variables. The association between variables was evaluated with the Pearson rank correlation.
Subsequently, analysis was undertaken through multivariate logistic regression to assess a set of independent variable predictors of left atrial size. A two-tailed p < 0.05 was considered statistically significant for all analyses.
Results
Characteristics of subjects
The mean age of the study population was 62.6 ±8.2 years, and 78 (48%) participants were male. Other demographic and clinical data are presented in Table I . Consistent with the atrial remodelling intrinsic to a history of AF, there were significant differences between the control and PAF groups in LA diameter (LAD). Typical of this group, the PersAF group had a significantly higher CHA2DS2-VASc score (older age, higher prevalence of hypertension, and worse liver and kidney function; p < 0.05 for all comparisons), evidence of poorer LV systolic function, and more advanced LA structural remodelling, as well as more anti-arrhythmic drug usage (Table I) .
Plasma MFAP4 levels increased in AF patients and predicted AF occurrence
The median plasma MFAP4 levels were 1.88 ±0.65 ng/ml, with an interquartile range of 1.44-2.24 ng/ml. There were significant differences based on clinical group in MFAP4 levels, with a gradient from control (1.71 ±0.53 ng/ml) to PAF (1.98 ±0.53 ng/ml) to PersAF (2.09 ±0.76 ng/ml) (Figure 1) . MFAP4 levels were highest in the PersAF group (PersAF vs. control p = 0.006 and PersAF vs. PAF p = 0.032) (Figure 1 ). To assess the potential ability of MFAP4 in the prediction for AF occurrence, we performed multivariate analyses, and the results showed that a high plasma MFAP4 concentration was an independent determinant of AF (odds ratio (OR) = 4.259, 95% confidence interval (CI): 1.092, 16.608) in the total population (Table II) . The results suggest that plasma MFAP4 has potential value in the prediction of AF occurrence.
Relationship of plasma MFAP4 to the left atrial size
Using Pearson correlation analysis (Table III) , plasma MFAP4 levels were correlated with increasing age, CRP, NT-proBNP and LAD, a history of hypertension or AF, and a higher CHA2DS2-VASc score. By univariate regression (Table IV) , increased plasma MFAP4 was also associated with increasing age, TG, CRP, and LAD.
Of note, plasma MFAP4 levels were positively associated with LA structural remodelling manifested by elevated LA size. Moreover, multiple 
SBP -systolic blood pressure, DBP -diastolic blood pressure, HR -heart rate, BMI -body mass index, TC -total cholesterol, TG -triglyceride, LDL-C -low-density lipoprotein cholesterol, CRP -C-reactive protein, WBC -white blood cell count, PLT -platelet, ALT -alanine aminotransferase, AST -aspartate aminotransferase, BUN -blood urea nitrogen, Cr -serum creatinine concentrations, UA -uric acid, NT-proBNP -N-terminal pro-brain natriuretic peptide, C-TNI -cardiac troponin, FT3 -free triiodothyronine, FT4 -free thyroxine, TSH -thyroid stimulating hormone, MFAP4 -microfibrillar-associated protein 4, LAD -left atrial diameter, LVDd -left ventricular end-diastolic dimension, LVEF -left ventricular ejection fraction. Data are presented as median (interquartile range) or mean value ± SE. The p-value in column 4 refers to the comparison between the control and paroxysmal AF groups. The p-value in column 6 refers to the overall comparison between the control, paroxysmal, and persistent AF groups.
regression analyses revealed that for AF patients, MFAP4, along with body mass index (BMI) and NT-proBNP, effectively predicted LAD after adjustment for age and hypertension (R 2 = 0.543, p < 0.001) ( Table V) .
MFAP4 was increased in fibrosis rat atrium and associated with the fibrosis severity: data from atrial fibrosis rat model Clinical data indicate that plasma MFAP4 is positively associated with LA structural remodelling. We confirmed this in a previously constructed atrial-specific fibrosis rat model [20] . Data showed that plasma MFAP4 levels also increased in atrial fibrosis rats compared with wild-type rats, and positively correlated with the atrial fibrosis severity ( Figure 2 ). We also detected the MFAP4 protein levels in those fibrotic atria. Furthermore, data showed that MFAP4 protein was also increased in atrial fibrosis rats compared with wild-type rats (Figure 2 ).
Discussion
The key finding of this study was that plasma MFAP4 levels increased in patients with AF and were highest in those with PersAF. Pearson correlation analysis indicated that plasma MFAP4 levels were correlated with factors associated with PersAF, including older age, hypertension, heart failure (measured by NT-proBNP), higher CHA2DS2-VASc score, and left atrial size. Furthermore, multiple regression analyses revealed that increased plasma MFAP4 levels were directly associated with more advanced atrial structural remodelling, demonstrated through echocardiography LA size. Moreover, using an atrial-specific fibrosis rat model, we confirmed the correlation of MFAP4 with atrial remodelling.
The pathophysiology of AF is complex, involving the role of inflammation and structural remodelling with apoptosis and fibrosis [21, 22] . Biomarkers in human AF have been extensively studied in order to identify biomarkers that are useful for predicting the extent of atrial structural remodelling and the response to therapeutic interventions. Markers of a pro-thrombotic state, including platelet activation, enhanced thrombin generation, and endothelial dysfunction, have been associated with the duration and burden of AF [23, 24] . In addition to plasma biomarkers, imaging-based markers, such as cardiac magnetic resonance imaging, have been used to identify atrial myocardial fibrosis. Such techniques have demonstrated that the extent of structural remodelling at the time of AF ablation strongly predicts the likelihood of both maintaining sinus rhythm and significant reverse remodelling post-ablation [25] . These data highlight the importance of identifying a circulating biomarker with which to accurately identify the extent of atrial structural remodelling. To our knowledge, there are no previous reports relating plasma MFAP4 levels either to the extent of structural remodelling or to clinical outcomes in patients with AF.
The production of atrial fibrosis disrupts muscle-bundle continuity and causes AF-promoting conduction abnormalities [26] . Rapidly firing atrial cardiomyocytes produce substances that activate fibroblasts, providing a link between PAF episodes and fibrosis development [27] . MFAP4, produced by activated myofibroblasts, is a ubiquitous protein playing a potential role in ECM turnover. The MFAP4 protein is a disulphide-linked dimer that forms higher oligomeric structures and its involvement has been suggested in elastic fibre formation [28] . A previous study reported that MFAP4 mRNA was more highly expressed in the heart than in other elastic tissues [17] . Our data also showed that MFAP4 protein highly expressed in the atrium and increased in fibrotic left atria, which indicated that MFAP4 might play an important role in the process of atrial fibrosis. In this study, with the use of a patient cohort with PAF and PersAF, we found that plasma MFAP4 levels were increased in AF, especially in PersAF patients. Multiple regression analyses also revealed that plasma MFAP4 levels were directly associated with the extent of LA size. This means that plasma MFAP4 may be a good biomarker to identify atrial myocardial remodelling. To confirm the link of MFAP4 to atrial struc- tural remodelling, we further used an atrial-specific rat model. It also showed that plasma MFAP4 was increased in atrial fibrosis rats and was positively correlated with the atrial fibrosis severity. The atrial remodelling level was associated with successful radiofrequency catheter ablation in patients with PersAF. With plasma MFAP4 levels increasing with more advanced remodelling and a PersAF phenotype, it might be expected that patients with AF but low plasma MFAP4 levels may benefit mostly from catheter ablation. The MFAP4 gene consists of a signal peptide, a short N-terminal region comprising an Arg-GlyAsp sequence followed by the C-terminus. The Arg-Gly-Asp sequence is the ligand motif for cell surface integrins and is associated with cell adhesive activity [29] . On the other hand, MFAP4 has considerable sequence homology with the 36-kDa bovine microfibril-associated glycoprotein (MAGP-36), which was first discovered in porcine aorta and has since been detected in a wide variety of elastic tissues [30] . Both MFAP4 and MAGP-36 bind to elastin and collagen fibres [28] . Elastic fibres and collagen fibres are components of the ECM that ensure its structural integrity by maintaining the elasticity in the arterial wall, lungs, skin, and other dynamic connective tissues [31] . However, the mechanism by which MFAP4 participates in ECM turnover is still not fully understood. Although we found the MFAP4 protein was highly expressed in the atrium, a study has reported that in the myocardium, MFAP4 was intensely detected in elastic fibres located within blood vessels and the surrounding connective tissue, and no staining was seen in cardiomyocytes [17] . This suggested that MFAP4 exerted its function through the cardiac interstitial cells rather than cardiomyocytes. Further studies should be directed at investigating the mechanism of MFAP4 in atrial fibrosis and establishing a potential therapeutic role for MFAP4 in ameliorating atrial remodelling.
This study has several limitations that could not be eliminated. First of all, the sample size was small, and larger cohorts of patients with AF and control individuals are needed to extensively evaluate MFAP4 as a potential biomarker. Secondly, this is a cohort but not cross-sectional study, which would introduce biases to data analysis and prevent us from establishing a cause-effect relationship of MFAP4 with AF. Nevertheless, using an atrial-specific fibrosis rat model, we confirmed the correlation of MFAP4 with atrial remodelling.
In conclusion, using a patient cohort with PAF and PersAF, and an atrial-specific fibrosis rat model, we have shown that plasma MFAP4 was increased in patients with AF and highest in those with PersAF. Moreover, both plasma MFAP4 and atrial MFAP4 protein expression were directly associated with the extent of LA structural remodelling.
